Evidence for environmental and ecological selection in a microbe with no geographic limits to gene flow Edited by Paul G. Falkowski, Rutgers, The State University of New Jersey, New Brunswick, NJ, and approved January 5, 2017 (received for review July 26, 2016) The ability for organisms to disperse throughout their environment is thought to strongly influence population structure and thus evolution of diversity within species. A decades-long debate surrounds processes that generate and support high microbial diversity, particularly in the ocean. The debate concerns whether diversification occurs primarily through geographic partitioning (where distance limits gene flow) or through environmental selection, and remains unresolved due to lack of empirical data. Here we show that gene flow in a diatom, an ecologically important eukaryotic microbe, is not limited by global-scale geographic distance. Instead, environmental and ecological selection likely play a more significant role than dispersal in generating and maintaining diversity. We detected significantly diverged populations (F ST > 0.130) and discovered temporal genetic variability at a single site that was on par with spatial genetic variability observed over distances of 15,000 km. Relatedness among populations was decoupled from geographic distance across the global ocean and instead, correlated significantly with water temperature and whole-community chlorophyll a. Correlations with temperature point to the importance of environmental selection in structuring populations. Correlations with whole-community chlorophyll a, a proxy for autotrophic biomass, suggest that ecological selection via interactions with other plankton may generate and maintain population genetic structure in marine microbes despite globalscale dispersal. Here, we provide empirical evidence for global gene flow in a marine eukaryotic microbe, suggesting that everything holds the potential to be everywhere, with environmental and ecological selection rather than geography or dispersal dictating the structure and evolution of diversity over space and time.
diatom | dispersal | environmental selection | population structure | microsatellites S ince the 1930s, the tenet of "everything is everywhere but the environment selects" (1) has formed a foundation for theories of microbial biogeography and of questions regarding the potential for endemicity in microbes (2) . The ways in which the rapid generation times and high dispersal potential of microbes influence their ecological diversification remain unclear (3, 4) . Despite a lengthy debate, conflicting evidence abounds on the role of environmental selection in maintaining microbial biogeographies and whether microbial lineages are geographically ubiquitous, especially in marine environments (5-7). Terrestrial species generally exhibit low dispersal capacity, resulting in strong relationships between geographic distance and genetic relatedness, populations with high levels of genetic structure, and the potential for genetic divergence among populations over small spatial scales (8) . In contrast, marine planktonic microbes inhabit a global-scale fluid environment and have enormous dispersal potential with an expected pattern of high gene flow, large and homogenous populations, and little divergence over even large spatial scales. In the ocean, environmental and physical factors vary over time at high frequencies (9) , creating a patchy habitat of resource availability, complex hydrodynamic processes (10), dynamic interspecies interactions (11) , and biologically mediated fluctuations of pH, light, and nutrients (12, 13) . In response to this variability, competitive exclusion, niche differentiation, and environmental selection are thought to act as strong evolutionary forces generating and maintaining diversity within and among species (14) . Emerging genomic and transcriptomic evidence points to the functional and metabolic diversity of marine microbes and the potential for niche differentiation in the marine environment (15, 16) . However, despite the evolutionary significance of environmental selection, its role in structuring populations within species occupying the high dispersal environment of the global ocean remains unclear. The additional role of dispersal and geography in structuring populations throughout the global ocean has added complexity to the debate (5, 17, 18) .
This debate is particularly relevant to phytoplankton, freefloating single-celled primary producers responsible for generating half of the oxygen on Earth and exhibiting enormous intraspecific diversity despite their high potential to disperse throughout the global ocean (4, 19) . In theory, enormous dispersal potential should reduce genetic partitioning and homogenize gene pools. Instead, phytoplankton species harbor vast diversity and show evidence for highly structured populations and communities (17, (20) (21) (22) (23) . Within the phytoplankton, diatoms are among the most productive and speciose eukaryotic microbes in the ocean (4, 24) , and are found across the globe, making them useful organisms through which to explore the important links between dispersal, environmental selection, and the evolution of diversity.
It remains a practical challenge to empirically test the influence of dispersal and environmental selection on microbial diversification, especially on global spatial scales. Our view of microbial population structure in the ocean is largely derived from ad hoc samples (often cultures) collected over multiple time
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Marine microbes exhibit enormous genetic diversity and drive global biogeochemical processes. Diatoms are some of the most diverse and ecologically influential marine microbes, generating about 40% of global marine primary production. The physical and ecological processes that maintain diversity in marine microbes are widely debated. Here, using empirical evidence from a diatom species, we show that geographic distance between sites does not correlate with genetic divergence. Instead, environmental and ecological selection likely exert a stronger influence than dispersal on the divergence and connectivity of diatom populations throughout the globe. Understanding mechanisms driving divergence and selection of marine microbial populations has enormous potential for improving predictions of global productivity in response to a rapidly changing marine environment.
points and across locations (25) . In analyses, samples collected over time from the same location are often pooled under the assumption that population structure will vary more in relation to geographic distance than it will over time or with changes in the environment. However, the assumption that geographic distance largely controls microbial population structure conflicts with our understanding of high microbial dispersal. Environmental selection may equally influence the evolution of microbial diversity in the ocean and support the divergence of lineages over time.
To tease apart the mechanisms structuring microbial diversity in the ocean, samples must be collected with respect to time as much as space. However, these samples are largely unavailable. Global population structure has only been investigated in the diatom Pseudonitzschia pungens. In this pennate diatom, geographic distance appeared to be a strong barrier to gene flow, suggesting allopatric isolation despite high dispersal potential (17) . Individuals of P. pungens collected from the same region but at different times were pooled to represent geographically defined populations, assuming that no genetic changes occurred over time in a given location in this pennate diatom. In contrast, studies of centric diatoms have found extensive shifts in population structure in a single location over time, suggesting that population structure in other diatoms may not necessarily be dominated by allopatric processes (26, 27) . Whether allopatric speciation and geographic barriers to gene flow are common processes structuring diatom and marine microbial diversity in general remains unknown.
In this study, our sampling approach allowed for a global-scale investigation of population structure in a marine microbial species while controlling for time. We developed six microsatellite markers to identify genetically distinct populations within the globally distributed, bloom-forming diatom species, Thalassiosira rotula. Microsatellites are rapidly evolving and hypervariable population genetic markers widely used in the field of molecular ecology. We isolated individuals of T. rotula wherever present during a global sampling of surface seawater collected within 1-to 2-wk intervals, and sometimes on the same day, during the spring of 2010 in both the northern and southern hemispheres, allowing for a time-controlled analysis of global population structure in this species ( Fig. 1 and SI Appendix, Tables 1 and 2 ). Each water sample was associated with environmental metadata (SI Appendix, Table 3 ). This time-controlled approach to sampling allowed us to tease apart the relative influence of geographic distance versus environmental variability in structuring global populations of T. rotula. The goal of this work was to examine genetic diversity in the marine diatom T. rotula by capturing variations in genetic composition over time and across the globe and determining its environmental and ecological correlates.
Results and Discussion
Isolates of T. rotula were genotyped at six microsatellite loci, revealing enormous diversity. Clonal diversity within water samples was as high as 100%. Among the 449 individuals genotyped, only two genotypes, identical at all six loci, were observed more than once. Both were sampled from site 11. Other diatom species show similarly high levels of clonal diversity (e.g., refs. 21, 28-30) such that single blooms can consist of thousands of clonal lineages (31) . Expected heterozygosity (H E ) varied between 0.55-0.83 (SI Appendix, Fig. 1 and Tables 4 and 5) . Observed heterozygosity (H O ) was significantly lower than H E , which appears to be a common genetic characteristic of phytoplankton that undergo both asexual and sexual reproduction and may be attributed to the presence of null alleles or nonrandom mating; however, the mechanism is not fully understood (e.g., refs. 22, 31, 32) .
For a subset of isolates from each sample, the internal transcribed spacer 1 ribosomal DNA (ITS1 rDNA) gene was sequenced for lineage-level identification following Whittaker et al. (33) (SI Appendix, Fig. 2 and SI Methods). Isolates belonged to two of the three previously identified lineages (lineages 1 and 3) (33) . Both lineages were identified in all three ocean basins investigated (SI Appendix, Fig. 2 ). Lineages co-occurred in seven water samples [FRb, NBd, SA, WAa, Puget, Cal, and WAb (sample names refer to Fig. 1)] , and isolates from different lineages did not exhibit significantly different membership coefficients in STRUCTURE or significant F ST values within samples (SI Appendix, Fig. 3 and Table 6 ), suggesting ongoing gene flow between lineages. Populations did not cluster according to lineage identity, suggesting incomplete lineage sorting at the ITS1 or introgression (e.g., refs. 34-36) and supporting previous research that failed to find conclusive evidence for reproductive isolation among lineages (33) . Due to lack of evidence for reproductive isolation and new evidence questioning the strict geographic isolation of these lineages, we examined population structure and the potential for global connectivity in the species as a whole.
Genetic divergence among global samples of T. rotula was calculated using traditional measures of F ST . If allopatric or sympatric processes produce restricted gene flow between T. rotula populations, each population will experience independent genetic drift, resulting in a progressive divergence of allele frequencies over time; this divergence is reflected in measures of F ST (37, 38). Water samples exhibited a maximum F ST divergence of 0.139, indicating a moderate level of differentiation (0.05-0.15), as defined for biallelic loci by Wright (38) (SI Appendix, Table 7 ). However, it can be conservatively estimated that these water samples contained populations that were strongly differentiated from each other because F ST values for highly variable microsatellite loci tend to be smaller than for biallelic loci (39) . Divergence in T. rotula was similar to other phytoplankton species sampled over large distances, such as across the Baltic Sea and the NE Atlantic (maximum F ST = 0.099) (21, 22) but below the maximum F ST (0.76) observed among allopatrically separated populations of the pennate diatom P. pungens (17) . Divergence in T. rotula was comparable to population divergence observed in globally distributed, highly migratory marine macrofauna (maximum F ST = 0.175) (40) (41) (42) . Thus, F ST observed here for T. rotula is within the range expected for cosmopolitan high-dispersal marine organisms, but lower than those exhibiting strong patterns of allopatry.
We investigated the potential for isolation by distance (IBD) via statistical (Mantel) tests of correlation between genetic and geographic distances (43) . Genetic and geographic distances were not significantly correlated in the Atlantic or Pacific basins (Atlantic: R 2 = 0.058 P = 0.15; Pacific: R 2 = 0.330 P = 0.06). On a global scale, genetic and geographic distances were significantly correlated, but with an R 2 close to 0, indicating weak isolation by distance (global: R 2 = 0.058 P = 0.03) (Fig. 2) . Weak isolation by distance suggests that gene flow in T. rotula is not limited by geographic distance, even on a global scale. For example, samples collected from the same site could be nearly four times more genetically divergent than samples collected over 7,000 km apart and from different ocean basins. These data suggest that global ocean circulation is sufficient to allow for the global dispersal of individuals, despite the vast distances involved. This study provides empirical evidence for global gene flow in a marine diatom species.
The observation of global dispersal in T. rotula contrasts with observations of the pennate diatom P. pungens, which exhibits strong geographic limits to gene flow (IBD R 2 = 0.70 P < 0.01) (17) (see SI Appendix, Fig. 4 for direct comparison in T. rotula). This contrast may relate to either differences in the potential for survival during dispersal by ocean currents and/or anthropogenic transport, or distinct life history differences between the species. For one, P. pungens, and many other pennate diatoms, are heterothallic, meaning that male and female mating types must be present for successful sexual reproduction (44, 45) . Centric diatoms are more typically homothallic, not requiring differentiated mating types, although a diversity of mating systems have evolved across centric diatom species (46) . Overall, the timing and triggers of sexual reproduction in diatoms are little understood (46) . However, differences in environmental or temporal triggers of sex between the two species may greatly impact patterns of population structure across the wide ecological gradients sampled.
Another hypothesis to explain differences between the species' population structure may be differences in their ability to form resting spores, or dormant cells, that provide a stepping stone for dispersal in those species that can form them. Life stages of cell quiescence and resting spore formation may determine the ability for cells to survive transport across large distances in the ocean. Resting spores remain viable in environmentally unfavorable conditions, and thus the ability to form resting spores could be essential in facilitating dispersal in these organisms (47, 48) . P. pungens does not form resting spores, although the potential for dormant cell stages in pennate diatoms is still debated (49) . T. rotula has been documented to form resting spores (50) , which may explain a higher dispersal potential in this species and why geographic distance is a greater barrier to gene flow in P. pungens than T. rotula.
A third hypothesis to explain differences in population structure between the species may be thermal tolerance. In diatoms, there is both intra-and interspecific variation of growth rates in response to temperature (28, 33, 51) . This variation has been proposed as a mechanism influencing dispersal potential in microbes and thus impacting their evolution and population structure (52). Restricted thermal tolerance of different P. pungens populations would limit their potential for global dispersal and result in a population structure more strongly correlated to geographic distance (53) . There is evidence in diatoms that genetically distinct populations have distinct physiological capabilities (28, 33) . Overall, dramatically different patterns of population structure in the two species point to the need to expand our understanding of diatom population diversity over larger spatial scales and across more species.
In T. rotula, the magnitude of genetic variation over time in one location was on par with genetic variation over global distances. T. rotula was subdivided into six populations identified using F ST , and four populations using Bayesian clustering (STRUCTURE) (Fig. 3 A and B) . Assumptions of each method produce slightly different results, but both indicate that multiple populations comprise the species. We define a "population" as consisting of water samples between which no significant genetic divergence was detected. Some populations were identified in samples distributed across ocean basins. For example, one population was sampled from the NE and NW Atlantic and the NE Pacific (NBc, WAa, and FRa). Other populations were identified just once (e.g., Puget, SA, NBa, and Cal). Samples collected over time from one location were significantly diverged (e.g., NBa and NBc, F ST = 0.044, P < 0.05), whereas samples collected from different ocean basins were, in some cases, not significantly diverged (e.g., WAa and FRa, F ST = 0.002, P > 0.05). In fact, the magnitude of genetic divergence (F ST ) over time in a single location reached 81% of the genetic divergence observed over the largest distances sampled (>15,000 km). For example, F ST between samples collected at different times in Narragansett Bay, RI (site 17) was as great as 0.064, whereas F ST was 0.079 between samples collected from the SW Indian Ocean (site 11) and from the NE Pacific (site 3).
A population sampled at our single fjord site, site 3, Puget Sound, was not detected elsewhere, suggesting that this population may experience barriers to genetic connectivity. In the Danish Mariager fjord, population stability over 100 y has been observed in the centric diatom species Skeletonema marinoi (54) . The Mariager fjord is associated with a remarkably low flushing rate of 8 mo (54) . Similarly, the flushing rate of Puget Sound is generally in excess of 1 y (55). These observations of diatom population stability and isolation in slow-flushing fjord systems suggest that populations associated with high hydrographic retention may experience genetic stability over time.
In contrast, significant temporal genetic variation was observed at all three sites where T. rotula was isolated multiple times in the NE and NW Atlantic and NE Pacific, sites 14, 17, and 2, respectively. The detection of significantly diverged populations in samples collected over short periods of time (1-6 wk) contrasts with observations of genetic stability in fjords (54) . In contrast to the long hydrographic residence times of fjord systems, Narragansett Bay, site 17, experiences a very short residence time of 10-40 d (56). Our sampling location off the coast of France, site 14, was located within the Western English Channel, which experiences high connectivity with both the North Sea and Atlantic water masses and is dominated by persistent tidal flushing (57) . The Washington coast (site 2) experiences dynamic upwelling, and is within a region of high connectivity and convergence among the North Pacific, Alaskan, and California current systems and experiences seasonal eddies. Thus, sites 17, 14, and 2 experience high levels of physical connectivity to surrounding waters. Different populations may be introduced from connected waters and be adapted to specific environmental conditions that can vary widely over short periods of time, leading to the observation of significantly diverged populations at one location over as little as 7 d. Overall, the presence of genetically distinct populations among global samples demonstrates that significant divergence can occur despite the high potential for dispersal in these planktonic organisms. This finding also suggests that sites associated with high hydrographic connectivity may experience dynamic genetic connectivity as well, where population structure may shift rapidly over time. High levels of connectivity in the surface ocean may also explain how individual populations are dispersed between ocean basins over relatively short periods of time (19) .
Measures of F ST do not differentiate between divergence due to allopatric or sympatric restriction of gene flow or reflect the time scales of divergence. However, the interaction between large population sizes and high dispersal potential suggests that selection maintains divergence between populations of T. rotula, which may persist over time scales longer than global surface seawater connectivity. Planktonic marine microbial census sizes are enormous, with hundreds to thousands of individuals per milliliter of seawater and thousands of clones per population (31) . Population genetics theory suggests that neutral mutation, founder effects, and the impact of migration are muted in large populations like those observed in diatoms (58) . Thus, under a high-dispersal low-selection scenario, we would expect one panmictic population, a result not observed in T. rotula. The physical connectivity of global surface seawater is estimated to be on the order of decades (19) ; this time frame aligns with the potential for gene flow in planktonic microbes. If microbes evolve more quickly than global circulation patterns can disperse them, we would expect biogeographic patterns to emerge; the potential for biogeographic patterns deriving from neutral evolution has been demonstrated in recent modeling efforts (18) . Because we observed no correlation between geographic distance and population divergence on global scales, but still observed distinct populations in this species, it is likely that divergence observed in T. rotula populations is a product of ongoing selective forces that reduce gene flow among populations and allow them to persist over time frames greater than decadal-scale global surface seawater connectivity and perhaps even longer, given empirical evidence in the diatom S. marinoi, which exhibits stable F ST divergence on time scales of 100 y (54) . The presence of distinct populations among global samples of T. rotula demonstrates that selective mechanisms exist to support divergence within the species. Here, we uncovered evidence for both environmental and ecological selection in T. rotula populations. We tested correlations between genetic distance (F ST ) and pairwise differences among samples for variables including temperature, salinity, cell abundance, and whole-community chlorophyll a. These environmental conditions varied widely among samples (SI Appendix, Table 3 ). A series of Mantel tests revealed that the combination of temperature and chlorophyll a concentration explained 53% of the variance in global population structure (P = 0.02) (SI Appendix, Table 8 ). Chlorophyll a alone explained 41% of the variance in global population structure. A regression of pairwise F ST and the Euclidian distance of chlorophyll a and temperature, calculated using multidimensional scaling, showed a significant (P = 0.02) positive relationship revealing that the most diverged populations were sampled from the most divergent environments (Fig. 4) . Correlation between population structure and temperature is not entirely surprising. Temperature is an important factor regulating phytoplankton growth rates both between and within species, and likely plays a role in regulating dispersal capacity (51, 52) .
The role of chlorophyll a is less clear. Chlorophyll a is a widely used proxy for whole-community phytoplankton biomass (59) . Periods of high and low plankton biomass are associated with chemical and environmental differences that may impart selective pressure on T. rotula populations. Ecological differences include biologically mediated shifts in light regimes and nutrient concentrations, viral activity, interspecific interactions, and transparent exopolymer production; these variables also fluctuate with annual phytoplankton bloom cycles typically initiated in the spring, and progressing over time. These data suggest that the biotic factors associated with phytoplankton abundance (of which chlorophyll a is a proxy) may play an important role in structuring and maintaining T. rotula populations, potentially through the processes of competitive exclusion and/or niche partitioning. The roles of niche partitioning and competitive exclusion are thought to maintain genetic diversity in the field (14) , with growing molecular evidence providing support in application to microbial populations (15, 16) . This finding suggests that both environmental and ecological selection may shape the population genetic structure over space and time in a microbe with few barriers to dispersal.
Here, we show that, in a marine eukaryotic microbe, genetic differentiation can vary as much temporally as it does spatially. Geographic distance does not limit global gene flow, leading to global scale genetic connectivity. The presence of genetically distinct populations among global samples demonstrates that significant divergence can occur despite the high potential for dispersal in these planktonic organisms. Furthermore, environmental selection may significantly influence the structure and evolution of diatom populations globally. Ecological dynamics associated with whole-community plankton abundance may play a role in structuring and maintaining T. rotula diversity through processes including competitive exclusion and niche partitioning (15, 16) . Clear coupling between ecological variability and T. rotula population structure suggests that within-species dynamics of diversity may be key to understanding the ecological and evolutionary response of these important primary producers to a rapidly changing ocean. Our work suggests that "everything has the potential to be everywhere," with environmental and ecological selection playing important roles in the spatial and temporal distribution of marine microbial species.
Materials and Methods
Field Samples and Isolates. In 2010, 19 locations across both hemispheres were targeted for T. rotula isolation (Fig. 1 and SI Appendix, Tables 1 and 2 ). Most samples were collected at established time series sites and thus contained metadata (SI Appendix, Table 3 ). For other sites, ancillary data (e.g., temperature and salinity) were collected via in situ sensors (e.g., YSI, Xylem Analytics). Whole seawater was rush shipped to the University of Rhode Island up to five times per site, targeting the spring phytoplankton bloom period in both hemispheres. Single cells and chains were isolated from whole seawater wherever present (at 8 sites) and after 1-3 wk of growth, were filtered for DNA extraction (SI Appendix, SI Methods).
Amplification of Field DNA. Species identity of isolates was confirmed using a T-RFLP screening method (SI Appendix, SI Methods). Isolates were genotyped at six microsatellite loci that were amplified from the gDNA of 449 T. rotula isolates (SI Appendix, Table 9 and SI Methods). Alleles were scored using an ABI 3130xl [T. rotula (TR)1, TR3, TR7] or an ABI 3730xl (TR8, TR10, TR27), and analyzed using the software Gene Mapper 5 (Life Technologies).
Statistical Analysis of Population Structure. Using microsatellite genotypes and allele frequencies (SI Appendix, SI Methods), hierarchical spatial and temporal population structure was tested. Genetic differentiation among sites was determined using the exact G test and Fisher's exact probability test (60) in GENEPOP v4.2 (61) . Pairwise differentiation between sites, F ST, was calculated in GenAlEx 6.5 (62), both separately with each locus, and with all loci. All P values were Bonferroni corrected. Analysis of molecular variance was calculated using GenAlEx 6.5, testing for the presence of genetic structure at global and basin scales. Principal coordinates analysis was used to ordinate pairwise F ST among sites with sample size greater than 15 individuals. The Bayesian clustering program STRUCTURE v2.2 was used to examine hierarchical resolution of population structure (SI Appendix, SI Methods).
Correlations were determined between pairwise genetic distance and pairwise Euclidean distance of environmental variables (location, SST, salinity, chlorophyll a, and T. rotula abundance). T. rotula abundance was calculated from triplicate counts of Lugol's fixed samples using an E800 microscope at 20× (Nikon) and 1-mL Sedgewick-Rafter microscope slides. A series of Mantel tests was performed. Isolation by distance (63) was examined using the software IBDWS v3.16 (64) (SI Appendix, SI Methods). To identify the factors of the ocean environment most correlated with a pairwise F ST resemblance matrix, BIOENV analysis was performed in Primer-E (65) using the variables temperature, salinity, chlorophyll a, and cell abundance (SI Appendix, SI Methods).
